In many social mammals, social adversity predicts compromised health and reduced fitness. These effects are thought to be driven in part by chronic social stress, but their molecular underpinnings are not well understood. Recent work suggests that chronic stress can affect mitochondrial copy number, heteroplasmy rates and function. Here, we tested the first two possibilities for the first time in non-human primates. We manipulated dominance rank in captive female rhesus macaques (n ¼ 45), where low rank induces chronic social stress, and measured mitochondrial DNA (mtDNA) copy number and heteroplasmy in five peripheral blood mononuclear cell types from each study subject. We found no effect of dominance rank on either mtDNA copy number or heteroplasmy rates. However, grooming rate, a measure of affiliative social behaviour predicted by high social status, was positively associated with mtDNA copy number in B cells, cytotoxic T cells and monocytes. Our results suggest that social interactions can influence mtDNA regulation in immune cells. Further, they indicate the importance of considering both affiliative and competitive interactions in investigating this relationship.
Introduction
In social mammals, the rate and outcome of competitive and affiliative interactions often covary with fitness-related traits. Thus, variation in both social status (i.e. dominance rank) and levels of social integration/isolation influences aspects of fertility and/or survival [1, 2] . These relationships arise in part because social interactions influence access to other fitness-determining factors, such as food or mates, and in part because individual condition can shape social interactions. Recent evidence also points to a third explanation: direct effects of social interactions on animal physiology, often in connection to socially induced stress [3] . Socially subordinate or isolated individuals exhibit elevated glucocorticoid levels [4] and altered gene regulation [5] , which in turn may contribute to social gradients in health [6, 7] .
Recent work indicates that social adversity may also impact mitochondrial DNA (mtDNA) content, function and regulation. Experimental studies in rodents indicate that chronic social stress reduces mitochondrial energetic capacity, alters mtDNA gene expression, and changes the complement of mitochondria-associated proteins and metabolites [8] . Further, cortisol treatment induces glucocorticoid receptor binding to mtDNA [9] , suggesting a link between stress regulation and mitochondrial activity. Depression in women and physical stressors in mice also predict higher mtDNA copy number and heteroplasmy (mtDNA genetic variation within an individual) [10, 11] . Together, these findings suggest that mtDNA biology is sensitive to chronic stress. Given known associations between mtDNA copy number, cellular metabolism (especially oxidative phosphorylation) [12] and several common health conditions [13] , social stress-induced effects on mtDNA regulation may therefore represent an unexplored link between social interactions and fitness. However, the relationship between social interactions and mtDNA biology has not been tested in non-human primates.
Here, we address this gap by experimentally manipulating social dominance rank in captive female rhesus macaques (Macaca mulatta) via the controlled introduction of females into new social groups [14] . Female rhesus macaques form stable, linear dominance hierarchies that affect resource access and psychosocial stress [15] . In our experimental population, later introduction predicted lower rank, which in turn predicted higher rates of received harassment and lower rates of affiliative grooming [14] . Based on reports that childhood adversity and depression influence mtDNA regulation in human blood [10, 16] , and that social stress affects gene regulation in rhesus macaque peripheral blood mononuclear cells (PBMCs) [14, 17] , we measured mtDNA copy number and heteroplasmy in five PBMC subtypes. Motivated by observations in humans and mice [10, 11] , we predicted that social subordination and relative social isolation-that is, increased exposure to social stressors-would lead to higher mtDNA copy number and heteroplasmy rates.
Material and methods (a) Behavioural data collection
We studied nine social groups, each composed of five unrelated adult female rhesus macaques [14] (electronic supplementary material, table S1). Females were sequentially introduced such that later introduction predicted lower dominance rank. Rank was quantified using Elo ratings based on agonistic behavioural interactions obtained during focal sampling [18] , a continuous measure of rank in which each group member was assigned a distinct value [19] (median hours of observation per animal: 14.5 + 1.7 s.d.). To measure affiliative behaviour, we calculated the overall proportion of focal observation time that a female spent either grooming or being groomed (following recent studies of social affiliation and lifespan in non-human primates [2, 6, 20] , which treat grooming as the primary measure of social affiliation). Rank was measured at the time of blood sampling; grooming data were collated from the time of group formation (February -June 2014) until shortly after blood sampling was complete (December 2014).
(b) mtDNA copy number quantification DNA used in this study was obtained from previous work [14] . Ten to sixteen weeks after group formation, we purified PBMCs from 12 to 20 ml of blood from each female, sorted PBMCs into B cell, cytotoxic T cell, helper T cell, monocyte and natural killer cell populations, and extracted RNA and DNA.
We measured mtDNA copy number in duplicate using quantitative PCR (qPCR), targeting a region of the mitochondrial genome and a single-copy region of the nuclear genome (n ¼ 213 samples with sufficient DNA: electronic supplementary material, text S1). Using the cycle threshold (C t ) values of the qPCR runs, we calculated mtDNA copy number as 2 (mean Ct of nuclear DNA replicates -mean Ct of mtDNA replicates)
. Our mtDNA copy number estimates were robust to use of alternative nuclear and mtDNA loci (electronic supplementary material, figure S1 ).
We modelled natural-log-transformed mtDNA copy number as a function of social interactions (dominance rank or grooming behaviour), controlling for age, cell type and qPCR plate/batch (electronic supplementary material, text S2), using linear mixed effects models. We first investigated social effects on mtDNA copy number across all cell types. Next, to test for heterogeneity across cell types, we modelled each cell type separately and used a Bayesian meta-analytic approach to investigate shared effects across cell types [21] .
(c) Heteroplasmic variants in mtDNA
We quantified mitochondrial heteroplasmy using mtDNA-mapped reads from previously generated, cell type-specific RNA-seq data for each study subject [14] (accession number GSE83307; electronic supplementary material, text S3 and table S2) and the program mitoCaller [22] . To account for sequencing coverage, we removed mtDNA positions with 200 reads and randomly subsampled sites with .200 reads down to exactly 200 reads. Following [11] , we classified a site as heteroplasmic if the minor allele frequency was at least 4% within a sample.
We modelled heteroplasmy using a binomial mixed model [23] , controlling for age and cell type. Our response variable was the number of heteroplasmic sites in the mtDNA genome relative to the number of analysable sites for each sample.
Results
(a) Grooming behaviour, but not dominance rank, predicts mtDNA copy number ; table 2 ). This association varied across cell types, with the strongest effect in B cells and a non-significant trend in monocytes and cytotoxic T cells (figure 1). Consistent with these observations, formal meta-analysis strongly supported a shared positive effect of grooming on mtDNA copy number in B cells, monocytes and cytotoxic T cells (Bayes factor ¼ 56.62). Support for an effect of either giving grooming only or receiving grooming only was substantially weaker (BF ¼ 8.22 and 5.05, respectively), suggesting that our results arise from engagement in any grooming (regardless of direction). As expected from previous work [24] , older individuals tended to have lower copy number (electronic supplementary material, figure S2 ).
(b) Social interactions do not predict heteroplasmy
Consistent with previous findings in humans [22] , heteroplasmic sites occurred at low levels in each sample (mean number of heteroplasmic sites ¼ 5.93 + 4.10 s.d.). Most heteroplasmic mutations were private within samples, though samples from royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20180643 the same individual tended to share heteroplasmic sites (electronic supplementary material, figure S3 ). Neither dominance rank nor grooming rates were significant predictors of overall heteroplasmy rates (all p . 0.1; electronic supplementary material, tables S4 and S5; figure 2). These results were unchanged under an alternative pipeline that stringently filters for possible PCR duplicates (electronic supplementary material, text S4, table S6).
Discussion
In contrast to our predictions, we found no effect of social status on mtDNA copy number. Further, high social affiliation was positively, not negatively, predictive of mtDNA copy number. Thus, our results support the idea that social interactions can influence mitochondrial biology, but in a surprising direction. One potential explanation is that Figure 1 . Cell type-specific effects of grooming on mtDNA copy number. Shaded boxes (left) show shared positive effects of grooming on mtDNA copy number based on meta-analysis (empty boxes ¼ no effect). For visualization purposes, the y-axis shows the residuals of a model controlling for age and qPCR batch. (Online version in colour.) previous studies focused on heterogeneous cell populations [10, 11] , whereas we analysed purified populations. Because mtDNA copy number varies among cell types [26] (electronic supplementary material, figure S4 ), social factors that influence cellular composition could also affect apparent differences in copy number. Indeed, PBMC types are known to be differentially sensitive to social adversity when measuring gene expression outcomes [14] . Alternatively, low social status may affect mitochondrial biology differently than previously studied predictors [10, 11] . We note, however, that our results are broadly consistent with findings that corticosterone exposure and physical stressors reduce mtDNA copy number in the rat hippocampus and striatum [27] . Additionally, although we did not observe an effect of social status on mtDNA copy number, because high rank predicts higher grooming rates (r ¼ 0.70, p ¼ 7.52 Â 10 28 ), social status may indirectly influence mtDNA copy number via its effects on grooming. Such an indirect relationship has been observed in wild female baboons, where rank does not directly predict lifespan, but does predict grooming-based measures of social integration, which in turn explain variation in lifespan [20] . Together, our findings extend experimental studies on the influence of social factors on mitochondrial biology to primates, and add important data on females [8] . They also support the increasing body of work linking affiliative social interactions to health and fitness in non-human primates [2, 6, 20] . We do not yet understand the importance of grooming effects on mtDNA copy number for cellular and organismal function. Increases in copy number may signify increase energetic potential or compensate for loss of mitochondrial function when some mtDNA copies are mutated. Additionally, while mtDNA copy number has been linked to many disorders, the directionality of this relationship varies. For example, mtDNA copy number in blood is positively associated with rates of mitochondrial encephalomyopathies [28] but negatively associated with rates of metabolic syndrome [29] .
Because this study used previously extracted DNA samples, we were not able to measure direct indicators of mitochondrial function. Future studies that measure both mtDNA copy number and mitochondrial metabolism will clarify how mitochondrial quantity and quality combine to respond to social environmental cues. Such studies have the potential to shed new light on the relationship between mtDNA biology, human health and its importance for Darwinian fitness in social mammals more broadly. 
